Accumulating evidence indicates that kappa-opioid receptors (KORs) and their endogenous ligand, dynorphin (DYN), can play important roles in regulating the effects of stress. Here, we examined the role of KOR systems in the molecular and behavioral effects of acute (1-day) and chronic (10-day) social defeat stress (SDS) in mice. We found that acute SDS increased DYN mRNA levels within the nucleus accumbens, a key element of brain dopamine (DA) systems. In contrast, chronic SDS produced longlasting decreases in DYN mRNA levels. We then examined whether disruption of KOR function would affect development of SDS-induced depressive-like behaviors, as measured in the intracranial self-stimulation and social interaction tests. Ablation of KORs from DA transporterexpressing neurons delayed the development of SDSinduced anhedonia in the intracranial self-stimulation test, suggesting increased stress resilience. However, administration of the long-lasting KOR antagonist JDTic (30 mg/kg, intraperitoneally) before the SDS regimen did not affect anhedonia, suggesting that disruption of KOR function outside DA systems can oppose stress resilience. Social avoidance behavior measured after the 10-day SDS regimen was not altered by ablation of KORs in DA transporter-expressing neurons or by JDTic administration before testing. Our findings indicate that KORs expressed in DA systems regulate the effects of acute, but not chronic, social stress.
Introduction
Exposure to stress can trigger debilitating psychiatric illnesses including depressive disorders (Kessler, 1997) . Accumulating evidence suggests that dynorphin (DYN) and its cognate kappa-opioid receptor (KOR) play an important role in regulating stress responsiveness, motivation, and emotion (Bruchas et al., 2010; Knoll and Carlezon, 2010; Van't Veer and Carlezon, 2013) . KOR agonists produce dysphoria in humans (Pfeiffer et al., 1986) and depressive-like effects in rodents Bruchas et al., 2010; Muschamp et al., 2012) , whereas KOR antagonists can reduce the behavioral effects of stress (Pliakas et al., 2001; Newton et al., 2002; Mague et al., 2003; McLaughlin et al., 2003) . There is considerable evidence that KOR antagonists are most effective when administered before a stressor (Van't Veer and Carlezon, 2013) , as opposed to after stress-induced behavioral adaptations have already developed (e.g. drug withdrawal-related behaviors; Chartoff et al., 2012) . In rodents, acute stress exposure increases DYN levels within the striatum (Nabeshima et al., 1992; Shirayama et al., 2004) , suggesting that molecular adaptations within basal forebrain regions can contribute to the development of depressive-like behaviors (Pliakas et al., 2001; Muschamp et al., 2011) . However, the effects of more chronic stressors on brain KOR systems have not been thoroughly characterized.
Although the ways in which KOR systems influence mood and anxiety states is not fully understood, their effects are mediated, at least in part, by the mesolimbic dopamine (DA) reward circuit. The DA system is implicated in motivated behavior (Wise and Rompré, 1989) and the manifestation of prominent symptoms of depression, including anhedonia (reduced sensitivity to reward) and impairments in social interaction (SI) (Nestler and Carlezon, 2006) . KORs within this circuitry can directly regulate DA function and behavior. For example, infusion of KOR agonists directly into the nucleus accumbens (NAc) reduces extracellular concentrations of DA (Donzanti et al., 1992; Maisonneuve et al., 1994) and induces depressive-like behaviors, including anhedonia, as indicated by increases in intracranial self-stimulation (ICSS) reward thresholds , and dysphoria, as indicated by conditioned place aversions (Bals-Kubik et al., 1993; Muschamp et al., 2011) . In contrast, infusion of the KOR antagonist nor-binaltorphimine (norBNI) into the NAc elevates extracellular concentrations of DA (Maisonneuve et al., 1994) and has antidepressant-like effects in the learned helplessness paradigm (Newton et al., 2002) . The effects of KOR agonists and antagonists within the NAc itself are likely mediated by KORs expressed on the terminals of DA inputs (Svingos et al., 1999) that regulate (inhibit) transmitter release. Consequently, alterations in the expression of DYN or KORs within the NAc may be sufficient to cause longterm changes in the function of the mesolimbic system and, by extension, motivated behavior.
The present studies were designed to examine the role of KOR systems in regulating behavioral and molecular adaptations to social defeat stress (SDS) in mice. SDS is an ethologically relevant model of stress-related illness that produces robust and long-lasting anhedonia and social avoidance (Krishnan et al., 2007; Donahue et al., 2014) , which are key signs of psychiatric illness. Molecular adaptations within the mesolimbic DA circuit, such as increased expression of brain-derived neurotrophic factor, are associated with susceptibility to SDS (Berton et al., 2006; Krishnan et al., 2007) . KOR systems have also been implicated in mediating SDS-induced behavioral and molecular outcomes. Specifically, SDS-induced analgesia, defensive posturing, cocaine place preference, and avoidance behavior are prevented by pretreatment with norBNI and by prodynorphin (pDYN) gene disruption (McLaughlin et al., 2006; Land et al., 2008; Bruchas et al., 2011) . However, the time-course of the onset of SDSinduced plasticity in KOR systems is currently unknown.
In the present study, we first used quantitative-PCR (q-PCR) to examine the effects of acute and chronic SDS on adaptations in KOR and pDYN (the precursor of DYN) mRNA levels within the NAc. Upon finding evidence of upregulation of pDYN mRNA levels, we examined whether disruption of KOR function can affect behavioral adaptations to SDS, as measured by the ICSS and SI tests. We have previously shown that these tests can quantify the depressive-like consequences of SDS, and are sensitive to pharmacological interventions and genetic manipulations (Vialou et al., 2010; Donahue et al., 2014) . We examined these behaviors following SDS in genetically engineered mice in which we disrupted KOR function by ablating KORs specifically within DA transporter (DAT)-expressing neurons ( Van't Veer et al., 2013a) , and in wild-type mice after administration of the long-lasting KOR antagonist JDTic (Knoll et al., 2007) .
Methods

Subjects
Three lines of male mice were used for these studies: CD1 mice (retired breeders; Charles River, Wilmington, Massachusetts, USA) were used as aggressors in all SDS studies, C57BL/6J mice (25-35 g; Jackson Laboratories, Bar Harbor, Maine, USA) were used as target mice in the molecular studies and in some of the behavioral studies, and mutant mice with conditional knockout of KORs in DA neurons (or littermate controls; 25-35 g) were used as target mice in some of the behavioral studies. Mutant (MUT; DAT Cre/wt KOR loxP/loxP ) and control (CON; DAT Cre/wt KOR wt/wt ) mice were generated by breeding mice that express Cre in DAT-containing cells (DAT-Cre line 9075; Parlato et al., 2006) with KOR loxP mice. KOR loxP mice were generated by flanking exon 3 of the murine KOR gene (Oprk1) with loxP sites, as previously described ( Van't Veer et al., 2013a) . MUT and CON mice were littermates (in light of potential genetic differences between these mice and wild-type C57BL/6J mice) and had been backcrossed to wild-type C57BL/6J mice for at least seven generations. Mice were maintained on a 12 h light (7:00 a.m. to 7:00 p.m.) cycle with free access to food and water. The procedures were approved by the McLean Hospital Institutional Animal Care and Use Committee and were performed in accordance with National Institutes of Health guidelines.
Social defeat stress
The SDS procedure was performed as previously described (Golden et al., 2011; Donahue et al., 2014) . CD1 mice were prescreened for aggressive behavior (attack latencies < 30 s on three consecutive days). Experimental (target) mice (C57BL/6J, MUT, CON) were exposed to a novel CD1 aggressor mouse for 10 min on 1 day (acute SDS) or 10 consecutive days (chronic SDS). For chronic SDS q-PCR studies, defeated mice were segregated into susceptible and resilient subpopulations as described (Krishnan et al., 2007) : mice with SI scores less than 1 were defined as 'susceptible' and those with scores greater than 1 were defined as 'resilient'. For acute SDS studies, defeated mice were not subdivided because multiple defeat sessions are required before the susceptible and resilient subtypes emerge (Krishnan et al., 2007) .
Quantitative-PCR
Levels of KOR and pDYN mRNA in the NAc were assessed in separate groups of C57BL/6J mice 48 h after the following endpoints: acute SDS (1 day), chronic SDS (10 days), and chronic SDS followed by chronic treatment (35 days) with the standard antidepressant drug imipramine or vehicle (VEH) in a cohort classified as susceptible (see Fig. 1 ). Because a 35-day regimen of imipramine has been shown to reverse some of the behavioral and molecular effects of chronic SDS in mice (Berton et al., 2006) , the present studies were designed to determine whether the effects of chronic SDS on KOR and pDYN mRNA expression are also sensitive to chronic treatment with this drug. Briefly, total RNA was collected and analyzed for each individual mouse (n = 6-8/group) from bilateral 14 G NAc punches as described previously (Golden et al., 2013) . Primer pairs have been reported previously (mOprk1, Van't Veer et al., 2013a; mpDYN, Chartoff et al., 2009) . Samples were normalized to glyceraldehyde-6-phosphate dehydrogenase (GAPDH). Data are expressed as fold differences in mRNA relative to GAPDH.
Intracranial self-stimulation
Mice (6-8 weeks of age) were implanted with monopolar electrodes aimed at the lateral hypothalamus as described previously (Donahue et al., 2014) . After 1 week of recovery, mice were trained on a fixed-ratio schedule (FR1) to respond for brain stimulation. The stimulation current was adjusted to the lowest value (minimum current) that would sustain reliable responding (>40 rewards/min) and held constant throughout the duration of the experiment. Mice were then trained to respond to a series (pass) of 15 descending frequencies (158-32 Hz, at 0.05 log10-unit steps). Daily training sessions, which spanned 6-8 weeks, consisted of four consecutive passes. ICSS thresholds (Theta-0) were calculated using a least-squares line of best-fit analysis (Carlezon and Chartoff, 2007) . The SDS regimen began after baseline thresholds had been established ( 15% for 5 days). Mice were tested in the ICSS test ∼ 16 h after each defeat session, an interval in which SDSinduced anhedonia can be detected (Donahue et al., 2014) . For KOR antagonist studies, JDTic was administered after the 5-day baseline period, and an additional ICSS session (∼16 h after injection) was run before the onset of defeat to ensure that JDTic alone did not alter ICSS thresholds. We have previously demonstrated that a 10-day regimen of SDS causes progressive increases in ICSS thresholds, reflecting the onset of anhedonia, but that control conditions over the same period of time have no effect (Donahue et al., 2014) . Accordingly, the present studies focused on mice exposed to SDS only.
Social interaction
SI tests were conducted 24 h after the final defeat session in both MUT and CON mice, and in C57BL/6J mice pretreated with JDTic or VEH. Mice were placed in an SI arena, and the time spent in the interaction zone was tracked (Ethovision 3.0 software, Noldus, Leesburg, Virginia, USA) for 2.5 min in the absence and presence of an unfamiliar CD1 mouse enclosed in a wire mesh cage. SI scores were calculated as described previously [(interaction time, target present)/(interaction time, target absent)] (Krishnan et al., 2007; Donahue et al., 2014) .
Drugs
Imipramine ( Fig. 1c ].
The ability of acute SDS to upregulate pDYN mRNA levels in the NAc raised the possibility that KOR systems in this region play an important role in the development of depressive-like behaviors. Consistent with this hypothesis, MUT mice lacking KORs in DA-expressing neurons show a delay in the onset of SDS-induced increases in ICSS thresholds ( Fig. 2a ). Importantly, group differences in the threshold-elevating effects of SDS could not be explained by baseline differences in sensitivity to the rewarding impact of the brain stimulation: the minimum current required to sustain reliable responding did not differ between MUT and CON mice [t (16) = 0.89, NS; Fig. 2b ]. We restricted our analysis to the two endpoints used in q-PCR studies: Day 1 and Day 10 of SDS. A two-way ANOVA on mean ICSS thresholds over time on Day 1 revealed a significant main effect of genotype [F (1,16) = 8.56, P < 0.01; Fig. 2c ]. There were no significant differences between MUT and CON mice on Day 10 [F (1, 16) = 0.20, NS; Fig. 2d ]; mice of both genotypes showed increased thresholds. A two-way ANOVA on ICSS maximum response rates on Day 1 revealed a significant main effect of genotype [F (1, 8) = 16.21, P < 0.01] and time [F (3,24) = 4.61, P < 0.05; Fig. 2e ], with rates decreasing over time in both genotypes. There were no significant differences in the maximum response rates between genotypes on Day 10 ( Fig. 2f ).
Considering the putative role of KORs within the DA system in stress resilience, we evaluated ICSS thresholds after each defeat episode in mice pretreated with JDTic or VEH to further examine the temporal involvement of KOR function in stress-induced anhedonia. Interestingly, administration of JDTic before the start of the SDS regimen did not affect the onset of anhedonia (Fig. 3a) . A two-way ANOVA on mean ICSS thresholds over time on Day 1 revealed a significant main effect of time [F (3,39) = 6.96, P < 0.001] but not treatment [F (1, 13) = 0.02, NS; Fig. 3b ]; both treatment groups exhibited increases in ICSS thresholds over the 1-h test session. There were no significant differences between the treatment groups on Day 10 [F (1,13) = 0.002, NS; Fig. 3c ]. A two-way ANOVA on the mean maximum response rates on Day 1 revealed a significant main effect of time [F (4,52) = 3.69, P < 0.05] but not treatment [F (1,13) = 1.38, NS; Fig. 3d ]. There were no significant effects of time or treatment on ICSS maximum response rates on Day 10 ( Fig. 3e ). There were no systematic (between-experiment or among-group) differences in ICSS electrode placements, which were indistinguishable from those presented previously (Muschamp et al., 2012) .
Because KOR disruption did not mitigate the consequences of chronic SDS in the ICSS test, we hypothesized that KOR ablation in DAT-expressing neurons or KOR antagonism would not be sufficient to reverse social avoidance produced by chronic SDS. A two-way ANOVA on SI scores revealed that defeated MUT and CON mice both displayed social avoidance compared with controls ( Fig. 4a ): there was a significant main effect of group [F (1,28) = 20.22, P < 0.001] but not genotype [F (1,28) = 0.01, NS]. In the cohort treated with the KOR antagonist, a two-way ANOVA revealed that both VEHpretreated and JDTic-pretreated defeated mice showed reduced SI compared with controls ( Fig. 4b 
Discussion
We report that endogenous KOR systems within the mesolimbic DA circuitry are involved in mediating the effects of acute but not chronic (repeated) SDS. Mice subjected to acute SDS showed rapid and significant increases in pDYN mRNA levels and nominal increases in KOR mRNA levels within the NAc, whereas mice Effects of KOR ablation in DAT-containing neurons on ICSS behavior following SDS. (a) Average thresholds for baseline days (BL1-5) and defeat days (D1-10) in MUT (DAT-KOR lox/lox ) and CON (KOR lox/lox ) mice. Gray background depicts the 10-day SDS regimen; n = 9 per group. (b) There were no significant group effects on the minimum current required to support reliable ICSS. (c) ICSS thresholds were higher in MUT mice than in CON mice on Day 1 of SDS. (d) Group differences were no longer evident by Day 10. (e) Maximum (Max) rates of responding were lower in CON mice than in MUT mice on Day 1. (f) Group differences in maximum rates were no longer evident by Day 10. *P < 0.05, **P < 0.01; data are expressed as mean ( SEM) percent change from baseline (pre-SDS) values. CON, control; DAT, dopamine transporter; ICSS, intracranial self-stimulation; MUT, mutant; KOR, kappa-opioid receptor; SDS, social defeat stress.
subjected to chronic (10 days) SDS showed significant decreases in pDYN mRNA levels, regardless of whether they were 'stress susceptible' or 'stress resilient' in SI tests. This downregulation was long-lasting and reversed by chronic treatment with imipramine. The findings with imipramine are important because they demonstrate that, like some of the behavioral effects of chronic SDS (Berton et al., 2006) , some of the molecular effects of chronic SDS are sensitive to long-term treatment with a standard antidepressant drug. Mutant mice with KOR gene disruption, specifically within DA neurons, were resilient to the prodepressive effects of acute SDS, as indicated by a delay in the onset of SDS-induced increases in ICSS thresholds (a sign of anhedonia). However, although this mutation delayed the onset of threshold elevations, it did not prevent them; thresholds in these mice were similar to those of controls by the test following the fourth SDS session. Administration of JDTic before the start of the SDS regimen did not affect the onset of anhedonia, which was unexpected considering our previous observations that pretreatment with KOR antagonists can block the development of stress- 
VEH JDTic
Effects of pretreatment with the KOR antagonist JDTic (30 mg/kg, intraperitoneally) on ICSS behavior following SDS. (a) Average thresholds for baseline days (BL1-5), postinjection day (PI), and defeat days (D1-10) in mice pretreated with VEH and JDTic 24 h before the SDS regimen. JDTic pretreatment had no effect on ICSS thresholds on its own (PI day). SDS increased reward thresholds in both VEH-pretreated and JDTic-pretreated mice; n = 7-8 per group. (b) SDS increased ICSS thresholds over time in both groups. (c) There were no group differences on Day 10. (d) Maximum (Max) rates of responding decreased over time on Day 1, but there were no group differences. (e) There were no group differences in the maximum rates on Day 10.*P < 0.05,***P < 0.001; data are expressed as mean ( SEM) percent change from baseline (pre-SDS) values. ICSS, intracranial selfstimulation; KOR, kappa-opioid receptor; SDS, social defeat stress; VEH, vehicle. related behavioral adaptations, including drug withdrawal and CRF-enhanced startle (Knoll et al., 2007; Chartoff et al., 2012; Van't Veer et al., 2013a) . Consistent with these findings, chronic SDS-induced social avoidance was not reversed by KOR gene disruption in DATcontaining neurons or KOR antagonism. These studies suggest that stimulation of KORs by DYN within the mesolimbic DA system is an important component of acute stress responses, but KOR systems may be subject to counter-adaptations or to becoming desensitized following repeated stress.
We used q-PCR to determine whether SDS induces plasticity in KOR or pDYN mRNA levels in the NAc, a brain region shown to play a critical role in mediating susceptibility to SDS (Berton et al., 2006; Krishnan et al., 2007) . We found a biphasic relationship between the time-course of stress exposure and pDYN mRNA levels: a single SDS session caused increases in levels, whereas chronic SDS caused a long-lasting downregulation in levels, with similar trends observed in KOR mRNA levels. The acute stress effects are consistent with reports of increased KOR system-related markers following acute fear conditioning (Knoll et al., 2011) and immobilization stress (Shirayama et al., 2004) . However, the long-lasting downregulation of pDYN levels was surprising in light of previous reports indicating that 7 days of SDS increases DYN levels in the NAc of rats (Bérubé et al., 2013) and that repeated swim stress increases KOR immunoreactivity in the NAc of mice . The discrepancy likely reflects differences among the specific types and durations of stress and highlights a complex role for brain KOR systems in regulating responsiveness to stress. It also highlights the fact that different types of stressors may engage these systems in fundamentally different ways. Although the present experiments focus on the NAc because of its well-established role in the regulation of motivation (Nestler and Carlezon, 2006) , it is possible that dynamic changes in KOR signaling in other brain regions engaged by stress also contribute to the effects of SDS. For instance, there is evidence that KORs on DA neurons in the ventral tegmental area are necessary for KOR-mediated aversive behavior (Bals-Kubik et al., 1993; Chefer et al., 2013) and can regulate DA function in the NAc (Nestler and Carlezon, 2006; Chefer et al., 2013) . Clearly, more work is necessary to thoroughly characterize the neural circuits through which KOR systems can regulate the effects of acute and chronic stressors.
Daily chronic imipramine treatment reverses chronic SDS-induced social avoidance (Berton et al., 2006) and, as we report here, downregulates pDYN levels. Although it may seem counterintuitive that treatment with an antidepressant elevates DYN/KOR function, which is typically associated with the expression of depressive behaviors in humans (Pfeiffer et al., 1986) and depressivelike behaviors in laboratory animals (Land et al., 2008; Van't Veer and Carlezon, 2013) , this may indicate that antidepressants act by restoring homeostasis in dysregulated KOR systems. The KOR system plays an important role in mediating responses to pain, and activation of KORs has been shown to mediate analgesia by inhibiting pain circuits (see Ribeiro et al., 2005) . Thus, restoring pDYN and KOR mRNA levels to baseline may normalize responses to stress or threat.
Our finding that SDS regulates mRNA levels within KOR systems in a time-dependent manner is corroborated by our behavioral findings using ICSS and SI. ICSS is advantageous for investigating time-sensitive changes in response to SDS because it is an exceptionally reliable behavior in sufficiently trained mice, and the ability to perform repeated testing enables day-to-day analysis of the accumulated behavioral effects of repeated exposure to stress (Carlezon and Chartoff, 2007 ; Donahue et al., Effects of KOR ablation and KOR antagonism on SDS-induced social avoidance. (a) There were no differences in social avoidance behavior between MUT and CON mice following a 10-day regimen of SDS (n = 8). (b) There were no differences in social avoidance behavior between mice that received pretreatment with the long-lasting KOR antagonist JDTic (30 mg/kg, intraperitoneally) and VEH-treated mice following chronic SDS (n = 6). *P < 0.05 and **P < 0.01 compared with control condition. CON, control; KOR, kappa-opioid receptor; MUT, mutant; SDS, social defeat stress; VEH, vehicle.
2014). These characteristics have enabled us to use ICSS to track with the development of anhedonia in mice over the course of a 10-day SDS regimen (Donahue et al., 2014) . In the present studies, we found that disruption of KOR function in DA-containing neurons attenuated the anhedonic effects of acute SDS (Day 1) in the ICSS test, but did not prevent the anhedonic effects of chronic SDS (Day 10) . Surprisingly, pretreatment with the KOR antagonist JDTic did not delay the onset of SDS-induced anhedonia. It is important to note that we also observed minor alterations in ICSS maximum rates. We used the 'curve-shift variant' of the ICSS procedure, in which alterations in reward threshold and maximum response rates can vary independently (Carlezon and Chartoff, 2007) that is, it is possible to see shifts in thresholds without changes in maximum rates (often seen with low/ intermediate doses of stimulant drugs), and likewise it is possible to see changes in maximum rates without shifts in thresholds (which can be seen by manipulations such as tightening the response lever/wheel). Alterations in maximum response rates can be indicative of alterations in task difficulty, performance ability, motivation, or fatigue (Carlezon and Chartoff, 2007; Do Carmo et al., 2009; John et al., 2012) . In the studies involving KOR ablation, the mutant mice had generally higher ICSS rates than controls on Day 1. As the reductions in maximum response rates in control mice accompanied SDSinduced elevations in ICSS thresholds, they may reflect a depressive-like effect. Accordingly, the lack of a corresponding effect in the mutants may be an additional indicator of resilience. Consistent with this interpretation, there were no differences in maximum response rates by Day 10, at which time the ICSS thresholds seen in the mutant mice had become elevated to a degree at which they were indistinguishable from those seen in controls. In the studies involving JDTic, there was a significant main effect of time, indicating that maximum response rates were higher at the beginning of the session than at the end, regardless of treatment condition.
It is unclear why the mice with ablation of KORs in DA systems showed initial resilience to SDS, whereas mice treated with the KOR antagonist did not. There are at least four possible explanations, all of which would require considerably more effort to investigate. First, it is possible that KOR receptors within brain DA systems are indeed crucial for regulating resilience-like behavior, but the consequences of KOR ablation are more efficacious than those of KOR antagonism. It is important to note that the dose of JDTic used here (30 mg/kg, intraperitoneally) has been shown in preliminary studies to block CRF-induced elevations in startle in the same strain of mice (C57BL/6J; Van't Veer et al., 2013b) . A second possibility is that KOR antagonism by JDTic leads to fundamentally different intracellular consequences than KOR ablation. As one example, prototypical KOR antagonists JDTic and norBNI appear to have 'biased agonist' or 'ligand-directed signaling' properties (Melief et al., 2011) , a process by which a ligand can simultaneously act as an agonist and an antagonist for different functions mediated by the same receptor (Urban et al., 2007) . Although JDTic does appear to have anti-stress effects in many behavioral tests (Van't Veer and Carlezon, 2013) , it is possible that its biased agonist effects on the c-Jun-kinase signaling cascade (Melief et al., 2011) detract from its effects on SDS. A third possibility is that KOR antagonists have prodepressive effects that are mediated outside of brain DA systems.
We have shown that intra-amygdala microinjections of KOR antagonists have anxiolytic-like effects in rats, but infusions dorsal to this region produce, if anything, anxiogenic-like effects (Knoll et al., 2007) . Fourth, it is possible that there is an interaction between pain and KOR antagonism that obscures the antistress effect of JDTic. KOR agonists have analgesic effects, and it is well documented that SDS elicits antinociception in mice (Tramullas et al., 2012; Van't Veer and Carlezon, 2013) . KOR antagonism blocks both psychological and physical stress-induced antinociception (Takahashi et al.,1990; McLaughlin et al., 2003 McLaughlin et al., , 2006 . As such, JDTic may block the analgesic effects of endogenous KOR stimulation that result from the types of physical encounters that are unique to the SDS procedure, unmasking pain-related suppression of ICSS (Do Carmo et al., 2009 ). This effect would be absent in the KOR-mutant mice if the antinociceptive effects of KOR activation are mediated outside of brain DA systems. Indeed, we have previously shown that CON and MUT mice exhibit equivalent increases in tail withdrawal latency in response to KOR activation, suggesting that DAT-expressing cells do not mediate the antinociceptive effects of KOR agonists (Van't Veer et al., 2013a). The acute stress resilience observed in MUT mice may be attributed to both KOR antagonism within the DA system and the uninhibited analgesic effects of endogenous KOR activation outside of the DA system. These findings provide a rationale for resource-intensive future work that may differentiate among these various possibilities, such as use of viral vectors to reinstate KOR expression in select brain areas or use of c-Jun-kinase inhibitors to block the biased agonist effects of JDTic. Selective blockade of KORs in specific brain regions implicated in both SDS and KORmediated stress effects, including the NAc and other regions such as the ventral tegmental area (Krishnan et al., 2007) and dorsal raphe nucleus (Bruchas et al., 2011) , may help elucidate the neural circuitry underlying KORmediated regulation of stress responses.
Consistent with the ICSS findings, neither KOR gene disruption in DAT-containing cells nor JDTic treatment was effective in reversing social avoidance following chronic SDS. This finding is not surprising considering that any sign of initial resilience among mutant mice in the ICSS test was absent by Day 10. When considered together, our results are consistent with previous reports showing that acute stress induces behavioral effects that are mediated by DYN/KOR signaling. For example KOR agonists produce immediate increases in ICSS thresholds (Todtenkopf et al., 2004; Carlezon et al., 2006; Muschamp et al., 2011) , whereas antagonists reverse the effects of a single SDS bout on cocaine conditioned place preference (Land et al., 2009 ) and analgesia (McLaughlin et al., 2006) . Although our behavioral finding that chronic SDS was impervious to disruptions in KOR signaling is consistent with our molecular findings, there are numerous reports indicating that KOR signaling mediates the effects of repeated stress (see Knoll and Carlezon, 2010) . Of particular relevance, KOR antagonists and DYN gene ablation block the effects of repeated SDS on submissive posturing (McLaughlin et al., 2006) . However, there are notable differences between the study by McLaughlin et al. (2006) and our study, including the specific SDS procedures used and the time-course of the paradigm, which may underlie this discrepancy. It is also possible that KOR signaling facilitates the expression of only some behaviors in response to repeated stress. Indeed, we recently reported that acute ketamine treatment blocks social avoidance, but not anhedonia, suggesting that various domains of depression may be regulated by distinct brain circuits (Donahue et al., 2014) .
KOR antagonists seem most effective in attenuating the effects of stress when administered before the stressor (Knoll and Carlezon, 2010; Chartoff et al., 2012; Van't Veer et al., 2013a) . Thus, it is possible that the KOR system, at least within the mesolimbic DA pathway, is involved in initiating the response to stress, but is less involved in maintenance of depressive-like behaviors. This may be because of activation of other stressresponsive systems (Keeny et al., 2006) or because of receptor desensitization due to repeated activation of the endogenous KOR system (McLaughlin et al., 2006) . It was recently reported that KOR activation potentiates cocaine preference reinstatement following exposure to an acute stressor, but not following exposure to repeated SDS or chronic mild stress (Al-Hasani et al., 2013), suggesting that repeated or chronic stressors induce tolerance to subsequent KOR signaling. The mechanisms by which the KOR system temporally regulates stress responsiveness are not known, but differential effects of acute and chronic SDS on hypothalamic-pituitary-adrenal axis function have also been reported (Keeny et al., 2006) . Likewise, severe stress has been shown to produce a shift in the valence of CRF in the NAc, demonstrating that the type and duration of stress can play critical roles in determining the nature of changes in neural circuit function (Lemos et al., 2012) . Clearly, additional work is necessary to determine the anatomical loci and mechanisms that underlie differences in acute versus chronic stress. A better understanding of the temporal relationship between neural systems affected by stress and behavioral outcomes may ultimately lead to the development of improved therapeutics for stress-related illnesses in humans.
